Abstract Sleep is indispensable for maintaining regular daily life activities and is of fundamental physiological importance for cognitive performance. Sleep deprivation (SD) may affect learning capacity and the ability to form new memories, particularly with regard to hippocampusdependent tasks. Transcranial magnetic stimulation (TMS) is a non-invasive procedure of electromagnetic induction that generates electric currents, activating nearby nerve cells in the stimulated cortical area. Several studies have looked into the potential therapeutic use of TMS. The present study was designed to evaluate how TMS could improve learning and memory functions following SD in Octodon degus. Thirty juvenile (18 months old) females were divided into three groups (control, acute, and chronic TMS treatment-with and without SD). TMS-treated groups were placed in plastic cylindrical cages designed to keep them immobile, while receiving head magnetic stimulation. SD was achieved by gently handling the animals to keep them awake during the night. Behavioral tests included radial arm maze (RAM), Barnes maze (BM), and novel object recognition. When TMS treatment was applied over several days, there was significant improvement of cognitive performance after SD, with no side effects. A single TMS session reduced the number of errors for the RAM test and improved latency and reduced errors for the BM test, which both evaluate spatial memory. Moreover, chronic TMS treatment brings about a significant improvement in both spatial and working memories.
Introduction
Sleep is an essential activity of life. Sleep homeostasis must be tightly regulated everyday by a circadian rhythm that is highly controlled to avoid endocrine-induced pathologies (Huber et al. 2004; Gamble et al. 2014) . It has & M. T. Herrero mtherrer@um.es long been accepted that sleep disturbances may impair normal physiological functions including the immune system (Everson 1993) , thermoregulation (Poirrier et al. 2008) , tissue restoration (Adam and Oswald 1977) , and energy conservation (Berger and Phillips 1995) . Sleep orchestrates brain plasticity during maturation (Dang-Vu et al. 2006) , which enables learning and memory processes (Benington and Frank 2003; Tononi and Cirelli 2006) , neurogenesis (Meerlo et al. 2009) , and adult neuronal cell proliferation (Mirescu et al. 2006) in the consolidation of hippocampal integrity and types of memories (Graves et al. 2001; Gais et al. 2007 ). Recent lines of investigations highlighted the importance of sleep for the elderly population (Yaffe et al. 2014) and the breakdown in sleep circuitry for the development of cognition dysfunctions and the plausible predisposition for neurodegenerative and mood disorders (Peever et al. 2014) . Sleep and memory have been broadly studied in human (Kim et al. 2005; Jugovac and Cavallero 2012) and animal models (Walker and Stickgold 2004) . Insomnia has a deleterious influence in people by impairing working, procedural, and implicit memory types (Forest and Godbout 2000) . According to this pernicious effect, the paradigm of sleep deprivation (SD) during the paradoxical sleep window has been widely used to induce memory impairments in animal models (Maquet 2001) . SD stimuli produce an efficient transient cognitive impairment in both human and animal models, pointing out that SD prior to learning may influence memory processes by limiting the ability of neuronal networks to process new information and the capacity to encode novel retention, while memory formation is impaired by post-learning SD (Harrison and Horne 2000) .
Transcranial magnetic stimulation (TMS) is a non-invasive brain procedure for the study of cognitive neuroscience (Walsh and Cowey 2000) . TMS involves a coil being positioned to produce a pulsed current that generates a magnetic field crossing the skull into the brain without physical contact. Based on the principle of electromagnetic induction, this method has shown a remarkably tolerability and safety. According to this observation, TMS improves cognition processes in healthy people (Luber et al. 2013) and enhances cortical-hippocampal network connectivity (Wang et al. 2014 ). Recent reports demonstrate efficacy following TMS in the treatment of bipolar disorder and depressed patients (Rapinesi et al. 2015 , Nahas et al. 2004 ). Currently, this method is being applied to Alzheimeŕs and Parkinsońs disease patients (Ljubisavljevic et al. 2013) .
The aim of this study was to evaluate the plausible therapeutic role of TMS in cognitive function in young Octodon degus (O. degus) rodents. In order to establish the accuracy of TMS in O. degus and the suitability for posterior applications during aging-associated diseases such as neurodegenerative disorders (Ardiles et al. 2012; Babiloni et al. 2013 Babiloni et al. , 2014 , adult O. degus were evaluated under the SD paradigm. SD induces cognitive deficits in O. degus (Tarragon et al. 2014) and TMS treatment was assayed by three different behavioral studies: one working memory analysis (novel object recognition, NOR) and two hippocampal-dependent tests (RAM, and Barnes maze, BM) due to the hippocampus involvement in episodic, spatial, and semantic human memory (Spiers and Bendor 2014) . We hypothesize that TMS could improve spatial learning and memory processing following a SD challenge.
Materials and Methods

Animals
Thirty healthy juvenile O. degus (female, eighteen months old and weighing 180-200 g at the beginning study) were obtained from our own colony. The animals were divided into three groups depending on the TMS treatment they were to receive: (I) control (no TMS treatment) (n = 10), (II) one TMS session (n = 10), and (III) two sessions of TMS per day for several consecutive days depending on the task to be performed (n = 10). The animals were individually housed in Plexiglas cages in an isolated room (Chronolab), with controlled humidity (60 %) and temperature (23 ± 1°C), and under a 12:12 light/dark cycle (light on from 08.00 to 20.00 h). Light was provided by fluorescent lamps regulated by an electronic timer (DataMicro, Orbis), with a light intensity of 350-400 lx at cage level. The animals were fed ad libitum throughout the experiment using a commercial feed (Harlan complete feed for rodents. The experiments were performed during the light period (09:00-15:00 h). Important efforts were made to minimize and refine the number of animals used. The ''Three R's principle'' was prudently applied in our study, following suggestions taken from the European Community Council Directive for animal care and experimentation as regards the total of animals to be used in preclinical studies. All experimental procedures complied with the European Community Council Directive (2010/63/UE) as well as with the ethical committee of the University of Murcia.
Behavioral Tests
An experimental room with the same noise and temperature conditions was used to perform all the behavioral tests, and the animals were allowed to adapt to the experimental room for 24 h before the experiment began.
Room Configuration
The experimental room was configured with visual clues including different colors and shapes (triangles, rectangles, circles or a cross) which were placed surrounding the maze in order to help animals. As well, they had other spatial visual signs in the room (for example, a chair, a trash can, or a computer) prepared by the experimenter. These clues were not moved during the experiments so that they could be used as reference points by the animals to locate the target hole or arms.
Radial Arm Maze
To evaluate the learning and memory of the animals, we used the radial arm maze (RAM) as Tarragon and coworkers have previously described (Tarragon et al. 2014 ). This RAM maze consists of a platform with eight equidistantly spaced arms (42 9 12 9 12 cm 3 ) that emerge from a central octagonal platform. In case of this spatial memory test, the motivation to learn was food reward: in fact, before starting the experiment, the animals were kept on a restricted diet, maintaining their body weight in the 80 % of that prior to the training (Dudchenko 2004; Srikumar et al. 2006) .
Habituation Session At the beginning of the training period (1-2 days), the O. degus were allowed to examine the eight arms of the maze for 10 min in order for them to acclimatize to the maze.
Learning Period The learning period lasted seven days, during which the animals were given one acquisition trial per day. At the beginning of each trial, the maze was cleaned with 70 % ethanol and four of the eight arms (1, 4, 5, and 7) were baited with food. Individual O. degus were placed on the central platform and were allowed to move freely. A correct choice was recorded as the first time that the animal ate the reward or reached the end of a baited arm. When the animal went into an unbaited arm, it was recorded as a reference memory error (RME) and re-entry into the baited arms was recorded as working memory errors (WME). On each of the 7 days, all the animals were given one trial and the data acquired were averaged and used in the final analysis. The O. degus actions were scored according to the time taken to enter the first arm and total time of entrance into all the arms, RME and WME (Dudchenko 2004; Srikumar et al. 2006; Karkada et al. 2012) .
Retention Session (Test) One day after the learning period, the O. degus were examined for their ability to retain the task. They were given just one trial, and before starting the test all the food that was placed in the maze was removed. Latency time to enter the first arm, total time, WME, and RME were used for the analysis.
Animals from the group receiving only one TMS session (1 TMS group) were placed in the cages to receive treatment, and, after 2 h of treatment, they were given the trial. The chronic TMS group (also called 7 TMS group) received TMS in the retention session and during the learning period, a total of 7 days (Fig. 1a) .
Barnes Maze Test
The BM is a circular platform of 160 cm diameter raised 75 cm from the ground and surrounded by a 55 cm high plastic wall (Tarragon et al. 2014) . Unlike RAM test, this spatial memory test does not require food deprivation, and therefore there is minimal variability in the performance of each animal. BM test requires less physical effort than other behavioral tests and the motivation to learn is the avoidance of a stressor, and being away from the open and insecure circular platform. The platform was made of white Plexiglas and contained eighteen circular holes (8 cm in diameter), equidistant (16 cm) from each other and 5.5 cm from the outer edge. Only the escape hole had a transparent plastic escape box, positioned under it, while the other holes were blocked with mesh. An open metallic box (20 9 15 cm) was used as start box. The room where the test was performed was illuminated by fluorescent lights located in the ceiling (normal room lighting) so that the maze was exposed to an illumination of 210 lx. The procedure was performed in the same way as last work of Tarragon and co-workers, and it was divided into 3 phases: habituation, training, and test phases (Tarragon et al. 2014) .
Habituation Session During the habituation period the animal was placed in the escape cage (filled with bedding from its own home cage) for 2 min, after which it was placed on the platform near the escape hole and allowed 1 min to escape. If the animal did not pass into the escape box, it was gently picked up and put through the target hole into the escape box. Again, the animal was left in the escape box for 2 min. Finally, the animal was put in the center of the platform, allowed 4 min to enter the escape box. If the O. degus did not enter in the escape box, it was put into the escape cage as explained above and left there for 2 min. All the activities described were separated by a 5 min resting period time, which was spent in the home cage. During this period the maze and the start point were cleaned with ethanol to remove odors.
Learning and Memory Period One day after the habituation session, the O. degus were trained for seven consecutive days, undergoing four trials of 4 min each in each training session and being left in their home cage for 5 min Neurotox Res (2015) 28:361-371 363 between each trial. At the beginning of each trial, each animal was kept in the start box for 30 s in the center of the platform before being allowed to explore the maze freely for the 4 min that the session lasted. The animal was picked up and gently placed in the escape if it did not find its own way into the escape box. Each O. degus was left in the escape box for 2 min before being returned to its home cage for 5 min. The escape hole was maintained in the same position throughout all trials and sessions. Between trials, the surfaces of the platform, start box, and escape box were thoroughly cleaned with 70 % ethanol. The following parameters were recorded: (i) Latency to the first visit to escape hole; (ii) Decision time, or time from the initiation of exploration and entrance into the escape hole; (iii) Latency time to escape; (iv) Number of RMEs (in each trial, the first visit to a non-escape hole was scored as an RME); and (v) Number of WME (repeated visits to the same nonescape hole during the same trial was scored as WME).
Retention Session (Test) The day after the learning period, the O. degus were examined for task retention. In the day test, the latency time in first arm, total time, WME, and RME were recorded and used for analysis. The one TMS treatment group was given 2 h of treatment before performing the task, while the chronic TMS group (7 days of TMS treatment group) received TMS for 2 h prior to start the retention session and during the learning period (Fig. 1b) 
Novel Object Recognition
The NOR test is a moderately simple and direct method to test the working memory in rodents. The essence of NOR is to explore the spontaneous behavior of rodents and it is an absolute test of working memory. It has two principal advantages over other behavioral assays. Firstly, it is a nonaversive test and pleasant for the animals. Secondly, it does not demand positive or negative stimuli or support. The NOR is based on the response of rodents, which tend to explore a novel object in preference to a familiar object. We performed NOR test as Tarragon and co-workers have recently described (Tarragon et al. 2014) . The procedure for the NOR task consisted of three different sessions (Familiarization session, Novel Local Recognition, and NOR) after the habituation. Each O. degus was placed in its own cage in the experimental and sound-attenuated room (day 1). During the familiarization period, two different novel objects were symmetrically fixed to the floor in their own cage, and each O. degus was allowed to explore the objects for 10 min (day 2). These objects differed in shape and color but were similar in size. We considered that the animal was exploring the object when its head was facing the object or was touching or sniffing the object. The time exploring each object was recorded. One hour after familiarization, one of the familiar objects used during that session was moved to the other side of the cage (NLR). The animals were then allowed to explore freely for 5 min. One Fig. 1 Design of experimental tests. The test after training was performed under normal sleep conditions (No SD), whereas animals were subjected to sleep deprivation (SD) before the second test. a RAM design. b BM design. For both paradigms, RAM and BM, animals were trained for 7 days. In 1 TMS groups, animals were treated for 2 h before they performed the test. In the chronic TMS groups, animals were treated for a period of 7 days during the training period. c NOR test. In 1 TMS groups, animals were treated for 2 h before they performed the test. Previous 4 days before performing the NOR test, animals were treated with TMS as a chronic treatment, which was applied for 2 h in the morning and 2 h in the afternoon. d Representative picture of technique for non-invasive magnetic stimulation hour after the NLR, the familiar object that had been moved to a new site was replaced by a new object. The animals were then allowed to explore freely for 5 min and the time spent exploring each object was recorded. Between the different sessions, objects were removed from the cage and wiped with 70 % ethanol to remove odors and to prevent olfactory cues. A discrimination index, the ratio of the difference in time spent for exploring the novel (place or object) and familiar object to the total time spent exploring both objects, was used as a indication of cognitive function. Objects were fixed to the floor of the cage in order to keep them immobile. Object exploration time was defined as the time the animal kept its nose within 2 cm of the object, or sniffed or pawed the object, while sitting or standing on the object was not recognized as an examination of the object. The exploration time was calculated manually using 2 stop watches (Fig. 1c) . The Recognition Index (RI) in the testing phase was calculated using the following formula:
RI ¼ Time exploring novel object ðTime exploring novel object þ Time exploring familiar objectÞ :
TMS
Every coil consisted of 1000 turns of enameled copper wire (7 cm diameter) held in plastic boxes (10.5 9 10.5 9 3.5) (Fig. 1d) . A pair of Helmholtz coils generated the magnetic fields (Dhan 1000 (tm); Magnetoterapia S.A. de C.V., Mexico DF, Mexico). Stimulation consisted of an oscillatory magnetic field in the form of a sinusoidal wave at a frequency of 60 Hz and amplitude of 0.7 mT, being applied for 2 h in the morning immediately prior to testing the animals in the case of the '1 TMS' group. TMS treatment of chronic TMS groups was applied prior to the learning session of BM and for 2 h in the morning (two first hours of the diurnal phase) and as well, they received 2 h in the afternoon (two last hours of the diurnal phase). In NOR, 4 days prior to performing the test, animals received TMS treatment for 2 h in the morning and for 2 h in the afternoon. These extremely low frequency magnetic fields (ELF-MF) will be referred to as TMS. Both TMS groups were placed in plastic cylindrical cages designed to keep the animals immobile, while receiving magnetic stimulation to their heads. Control animals were also subjected to the same TMS conditions, but without switching on the Helmholtz coil system. Animals showed no signs of discomfort when exposed to TMS. The 2 h of TMS induced a temperature increase not greater than 0.5-1°C inside the chamber. The two coils were placed dorsally and ventrally to the skull of the animals. The space between each coil and the midpoint of the cranium was approximately 6 cm. TMS was administered just before performing the tests.
Sleep Deprivation
The SD procedure that we used consisted of an interruption of the sleeping cycle of O. degus with gentle jostling of the home cage or with soft tactile stimulus when the animals showed signs of sleep (1 min of inactivity). SD has also been described in O. degus (Kas and Edgar 1999) , where it can be achieved by gentle handling the animals to keep them awake (Webster et al. 2013 ). The behavioral test takes place after 12 h of this SD procedure (Kas and Edgar 1999) which started at 19.00 h in the 12/12-h light and dark cycle. Animals were subjected to a single session of SD before the test.
Statistical Analysis
The data are presented as mean ± standard error of the mean (SEM). The statistical analysis was made using the Statistical 9.0 (StarSoft, Tulsa, OK) software package. It was performed using a factorial ANOVA test followed by a Fisheŕs LSD post hoc analysis, if the repeated measures analysis showed significant differences between groups. Differences were considered statistically significant if p B 0.05.
Results
Radial Arm Maze: Effect of TMS on Cognitive Impairment Induced by SD, Evaluated by RAM
RAM was used to evaluate the learning and memory of specific variables (latency, total time, WME, and RMEs) during the sessions (Fig. 2) .
Effect of 1 and 7 Sessions of TMS
In order to assay the effects of TMS on spatial memory, the latency was examined. No differences were observed between the control and 1 TMS group and 7 TMS group (Fig. 2a) . In the analysis of total time, no SD/SD condition [referring to normal sleep (no SD) and SD] and TMS treatment (two-way ANOVA as the between-subject factors) was performed. There was a significant effect of TMS treatment on spatial memory (F(2,29) = 20.96, p B 0.01). There was no significant effect in no SD/SD condition. In the post hoc Fisheŕs LSD test, there were significant differences between the control and 1 TMS and 7 TMS for both normal sleep and SD (p B 0.01; ##). TMS-treated animals performed the task significantly better than control groups (Fig. 2b) . The analysis of WME was made by two-way ANOVA (TMS 9 no SD/SD condition), and showed a significant effect of no SD/SD condition (F(1,32) = 10.33, p B 0.01), Neurotox Res (2015) 28:361-371 365 TMS treatment (F(2,32) = 13.28, p B 0.01), and interaction of TMS and no SD/SD condition (F(2,32) = 14.12, p B 0.01). Post hoc analysis demonstrated that the SD 1 TMS group made significantly fewer WME than the SD control group (p B 0.01; ##). On the other hand, the SD 7 TMS group made significantly fewer WME than the SD control group (p B 0.01; ##) (Fig. 2c) . The absence of significant differences between the normal control and normal 7 TMS groups (p = 0.80) indicated that the application of TMS had no negative effect in normal animals. Analysis of RMEs pointed to a significant effect of TMS (F(2,36) = 7.73, p B 0.01) and an interaction between TMS and the no SD/SD condition (F(2,36) = 5.06, p B 0.05). Post hoc analysis revealed that SD 1 TMS and SD 7 TMS groups had significantly fewer RMEs than the SD control group (p B 0.01; ##) (Fig. 2 D) . 1 TMS and 7 TMS SD groups demonstrated an improvement in the retention day (test).
Barnes Maze (BM): Effect of 1 and 7 Sessions of TMS
To further evaluate the effects of TMS on spatial memory, the latency to escape from the hole was examined by the BM test. A significant effect of the TMS treatment was observed (F(2,31) = 9.61, p B 0.01). A post hoc Fisheŕs LSD test revealed a significant difference between SD 1 TMS and SD 7 TMS groups with respect to the SD control groups (p B 0.01; ##) (Fig. 3a) . In the analysis of total time, two-way ANOVA (with TMS and no SD/SD condition as the between-subject factors) was performed. There was a significant effect both for the no SD/SD condition (F(1,32) = 11.23, p B 0.01) and in TMS treatment (F(2,32) = 6.97, p B 0.01) groups. Post hoc analysis showed statistical differences between normal sleep and SD of control group (p B 0.01; **). There were no statistical differences between control and 1 TMS groups. In addition, the test showed that the treated 1 TMS group took a similar total time as the control group in performing the task, but that there was a significant reduction on the total time in SD 7 TMS animals compared to the SD control group (p B 0.01; ##) (Fig. 3b) .
The analysis of WME was made by two-way ANOVA (TMS 9 no SD/SD condition) and showed a significant effect of the no SD/SD condition (F(1,32) = 57.27, p B 0.01), TMS treatment (F(2,36) = 33.24, p B 0.01), and interaction of TMS and no SD/SD condition (F(2,36) = 45.91, p B 0.01). Post hoc analysis demonstrated that the SD 1 TMS group had significantly fewer WME than the SD control group (p B 0.01; ##). The analysis revealed that the SD 7 TMS group also had significantly fewer WME than the SD control group (p B 0.01; ##), and that the SD 7 TMS group had significantly fewer errors than the SD 1 TMS groups (p B 0.05; #) (Fig. 3c ). There were no significant differences between the normal control and the normal 7 TMS groups (without SD) (p = 0.54), indicating that the application of TMS alone does not induce side effects. RME analysis showed the significant effect of the no SD/SD condition (F(1,34) = 37.45, p B 0.01), TMS treatment (F(2,34) = 10.02, p B 0.01), and between the TMS and no SD/SD condition (F(2,34) = 12.94, p B 0.01). Post hoc analysis revealed that the SD 1 TMS group had significantly fewer RMEs than the SD control group. Also the SD 7 TMS group had significantly less RMEs than the SD control group (p B 0.01; ##), whereas there were no significant differences between the normal control and normal 7 TMS groups (p = 0.82), and normal 1 TMS group (p = 0.32) (Fig. 3d) .
Novel Object Recognition
An analysis of the NOR results shown in Fig. 4 was performed to ascertain any effect of TMS and SD (two independent variables) on the recognition index in animals. During the familiarization period, all groups (control, 1 session TMS, 4 days TMS, normal, and SD groups) spent a similar amount of time exploring each of the two objects (A and B), indicating that animals had no preference for any specific object (Fig. 4a) : (i) effect of condition F(1,76) = 2,1, p = 0.15; and (ii) effect of treatment F(2,76) = 0.06, p = 0.94).
Effect of 1 and 4 Sessions of TMS
The two-way ANOVA of NLR revealed the significant effect of the TMS treatment (F(2,45) = 5.36, p B 0.01) and an effect of the interaction between treatment and no SD/SD condition (F(2,45) = 4.86, p B 0.05) The post hoc analysis showed that the SD 1 TMS and SD 4 TMS group explored the novel object/objects in their new position significantly more than SD control group, suggesting that one session of TMS after SD neutralized the impairment that was seen in the control conditions. There were significant differences between the SD 4 TMS group and both SD control group (p B 0.01) and SD 1 TMS group (p = 0.03). The SD group with 4 days of TMS treatment showed significantly an increased recognition index (Fig. 4b) .
The results obtained in the NOR test showed that there were not significant differences between normal sleep and SD 4-TMS groups. The ANOVA showed a significant effect of the no SD/SD condition (F(1,47) = 8.89, p B 0.01) and TMS treatment (F(2,47) = 12.55, p B 0.01). There were no significant differences between the normal sleep and SD which were treated with one session of TMS, but there were significant differences between the SD 4-TMS groups with respect to the SD 1-TMS and SD control groups (p B 0.01; ##). Also there was a significant difference in the IR % between animals which were treated with only one session of TMS and those treated with 4 days of TMS (p B 0.05; #) (Fig. 4c) . All animals showed an increase in the IR % after 4 days of TMS. 
Discussion
The purpose of the study was to examine the impact of TMS treatment on spatial memory recovery after cognitive impairment induced by a SD challenge in young adult O. degus. The behavioral approaches (RAM, BM, and NOR) are commonly used tools for assessing deficits in hippocampalbased spatial reference memory in rodent models (Bryan et al. 2009 ). Moreover, SD has been shown to induce alterations in cellular pathways within the hippocampus (Guan et al. 2004; Guzman-Marin et al. 2008) . The inclusion of additional paradigms such as NOR provides further information regarding the spatial reference memory evaluation based on the spontaneous response of rodents to novelty. These tests allow investigation of the role of the hippocampus, not only in spatial and working memory but also in the formation of recognition memory (Barker and Warburton 2011) as also suggested for the role of the perirhinal cortex in object recognition (Norman and Eacott 2004; Nardone et al. 2012) . In fact, in adult rats with hippocampal lesions, impairments of both spatial and contextual memory have been demonstrated with intact object recognition memory (Mumby et al. 2002; Youngblood et al. 1999) . Numerous reports have highlighted the negative effect of SD on both the capacity to retain current information and disturb memory consolidation in several experimental models (Graves et al. 2003; Prince and Abel 2013; Born et al. 2006; Tononi and Cirelli 2006; Meerlo et al. 2009; Hairston et al. 2005 ). In the current study, SD was induced in young adult O. degus in order to evoke memory impairments and to evaluate the effect of the TMS treatment as a therapeutic approach. In with previous observations regarding the connection between sleep and cognition, our results in young adults confirmed that normal sleep control groups performed spatial memory tasks significantly better than SD control groups (Joo et al. 2012); Sterpenich et al. 2007; Guzman-Marin et al. 2003; Yoo et al. 2007) , and the suppression of normal sleep has adverse effects on memory, independently of any stressful situation such as social anxiety, or humidity (Zagaar et al. 2012; Aleisa et al. 2011; Alhaider et al. 2011) . It cannot be ruled out that the differences in the procedure used to attain SD in human are different from that which can be used in animals, but these present a potential translational model prior to testing cognitive enhancers in the clinic (Colavito et al. 2013) .
Our data show a positive effect of exposure to TMS on spatial learning and memory skills under all the cognitive tests evaluated (RAM, BM, and NOR). Sleep-deprived animals demonstrated enhanced cognition when groups were treated with an acute or chronic (1 or 7 days, respectively) TMS sessions. Interestingly, these beneficial outcomes were also achieved with the animals under normal sleep conditions in comparison with the untreated ones (Fig. 2b) . These findings are consistent with previous studies both in human and in rodents (Pascual-Leone 2002; Vazquez-Garcia et al. 2004 ) as well as with behavioral and neurophysiological alterations after exposure to ELF-MF (Capone et al. 2009 ).
Even if the effect of TMS exposure is positive for cognitive functions, the physiological mechanisms responsible for the effect of this magnetic action are still inadequately understood. It has been described that after chronic ELF-MF treatment there is a direct impact on social recognition memory and spatial learning, where frequency, intensity, duration, and number of pulses of the exposure seem to play an important role (He et al. 2011) . Additionally, it has been demonstrated that applying a magnetic pulse over a cortical zone of the brain has no consequence at all on the normal response, but magnetic stimulation interferes with task performance even when the treatment is triggered during cognitive recruitment (Pascual-Leone 2002; Cowey 2005) . This potential ability of TMS to neutralize a brain dysfunction is one presumable application in cognitive rehabilitation (Nardone et al. 2012) . Furthermore, it has been shown that a single TMS pulse can produce significant differences in the cortical response depending on how activated the cortex is at the time the pulse is applied (Silvanto and Pascual-Leone 2008) . For this reason, despite physiological modifications occurring in the nervous system during the exposure time, the late effect leads to a more efficient transmission of neural signals, increasing the capacity to mitigate the cognitive dysfunction induced by SD, as evidence by the BM and RAM data in sleep-deprived O. degus (Figs. 2, 3) .
RAM, BM, and NOR applied in young animals have provided evidence that only one session of TMS is required to demonstrate a great improvement in some specific variables of the paradigms used to examine spatial learning and memory (Figs. 2, 3) . When O. degus were exposed to 7 days of TMS treatment, they showed significant decreases in the escape latency, in the total time and in both working and RMEs on the test day. The total time they took to perform the task was significantly lower in animals that were treated with only one session of TMS. This confirms that the dose used in this study is physiologically relevant in a therapeutic range with no toxicity (Russell et al. 1994; Post et al. 1999) . Moreover, in the NOR test, the greater the number of TMS sessions administered, the higher the recognition index obtained. Our data showed that animals that were treated during 4 days with TMS had a higher recognition index than animals that received only one session of TMS (Fig. 4) . As regards working-like memory, our results suggest that only one session of TMS is not sufficient, and a chronic treatment with TMS is necessary in order to counteract transient cognitive impairments.
The underlying mechanism of how TMS works in animal studies is better understood (Wang et al. 1996) and its safety has already been verified (Russell et al. 1994; Post et al. 1999 ). Thus, TMS is able to modulate cortical excitability (Pascual-Leone et al. 1998 ) and it represents a technique that induces electrical currents within the cerebrum, a function that can be applied to briefly disrupt a brain area, to map a cortical area or assess cortical excitability, or it may change cortical activity (Cowey 2005; Silvanto and Pascual-Leone 2008) . However, there is some difference of opinion regarding whether TMS can cause the activation or inhibition of cortical excitability. Different studies have found that TMS improves affective and motor symptoms in patients with depression and Parkinson's disease (Anderkova and Rektorova 2014; Lefaucheur et al. 2014; Kamble et al. 2014) . Data obtained in experimental models similar to depression, Parkinson's or Huntington's disease have shown that TMS provokes an enhancement of dopamine levels in the brain (Tasset et al. 2013; Heumann et al. 2014) . In addition, a recent study provides support for the effects of TMS on sleep and vigilance in humans, depending on the design and protocols, the location of the TMS stimulation and its strength (Mensen et al. 2014) .
Taking into consideration that O. degus is a social rodent that has become an accepted experimental animal model in recent years and constitutes a ''spontaneous'' model of neurological disorders such as Alzheimeŕs disease (Tarragon et al. 2013) , it holds considerable promise, not only for increasing our understanding of brain plasticity mechanisms, but also for designing new rehabilitation strategies and testing drugs in development for patients with neurodegenerative disorders. TMS treatment may have a great therapeutic potential as it significantly improves cognitive performance after SD in young O. degus: acute treatment with TMS significantly improves spatial memory after SD; however, spatial learning and working memory require chronic TMS treatment following SD for significant improvement.
